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Despite the large number of theories proposed to explain high-temperature superconductivity, no clear explanation of its origin
exists. Experimental data such as the isotope effect & and the gap ratio 24/k5 T, can be used to constrain possible models for high-
temperature superconductivity. We consider a class of models which contain contributions to pairing from phonons and also from
another unspecified boson, and place limitations on such models in light of these experimental data and recent results derived

from photoemission data for Bi,Sr,Ca,Cu,0O,.

Approximately four years after the discovery [1,2]
of high-temperature superconductivity (HTS) in ox-
ides, the nature of the mechanism(s) responsible for
HTS remains unclear. Many theories have been de-
signed to explain the unusual properties of these ma-
terials. These theories range from adaptations of the
conventional phonon-mediated theories [3,4] to
more exotic theories in which phonons play no role.
For some high-T superconductors, such as Ba—K-Bi-
O, there is some experimental evidence that the stan-
dard phonon-mediated model of superconductivity
may be valid. For the higher-T cuprates, the situa-
tion is less clear.

Measurements of superconducting properties of the
oxides such as the isotopic effect & and the super-
conducting energy gap ratio 24/kgT. can help dis-
tinguish among the many theories which predict high-
transition temperatures in the superconducting ox-
ides. One possible HTS theory is the combined

phonon-non-phonon mechanism, in which both
phonons and another as yet unknown boson con-
tribute to the pairing of the electrons. By using ex-
perimental data, we have placed constraints [5] on
the range of parameters in such a model for several
of the oxides.

Recently, Mueller et al. analyzed [6 ] temperature-
dependent photoemission data [7] for Bi,Sr,Ca,-
Cu,O, and found evidence for such a combined
mechanism with extremely strong coupling (1~9)
to a boson of low characteristic energy (10 meV). In
this paper, we consider such a mechanism in light of
the other experimental data, such as the isotope ef-
fect o and the gap ratio 24/kyT,. The available ex-
perimental data indicate that the transition temper-
ature 7,=91 K and the oxygen isotope effect [8]
0.048> ap>0.034. Depending on the experimental
technique, the gap ratio 24/kgT, is found to vary
widely with results ranging from 3.3 up to 8. The ex-
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periment in which the value 24/ksT,.=3.3 was found
also showed an unusual (non-BCS [3]) temperature
dependence of 4(T).

In our calculations, we have used an electron—
phonon interaction spectrum o?F(w) derived from
neutron scattering data [9] under the assumption
that the electron—phonon coupling &? is independent
of energy. As a test of this spectrum, we have also

used an o®F(w) derived from a theoretical calcu-

lation [10] of the phonon density of states F(w) un-
der the assumption of a constant &, We find only
small differences in the results using the two differ-
ent spectra.

The major phonon peaks in the neutron scattering
measurement and in the theoretical calculation are
modeled by narrow Lorentzians of the form

I?
azF(a))=aZZ AIFI

T (w—w)*+T7° (h

where A, is the amplitude of peak i, 27 its width, and
w; its central frequency. The parameters of the
Lorentzians used are given in table 1. All of these
peaks are assumed to be associated with the oxygens.
The phonon coupling strength 4,, may be adjusted
by varying the assumed value of a?. A non-phonon
peak of strength A, and energy w,, is then added to
the spectrum to yield the o*F(w) used in the cal-
culations. The Coulomb pseudopotential u* is cho-
sen to be u*({wpny ) =0.13, where {w,,) is the av-
erage phonon frequency. The results are not sensitive
to the choice of u*. In the calculation of the isotope
effect, the peaks identified as oxygen related in the
neutron scattering study are assumed to contribute
to the oxygen isotope effect, since the other peak is
assumed to be independent of the oxygen mass. De-

Table 1
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tails of the isotope effect calculations are published
elsewhere [5]. As was done in ref. [5], the observed
T. and isotope effect o are used as constraints on
the three parameters A, 1, and w.;.. We choose w,
as the free parameter, and obtain the coupling
strengths A, and A, as functions of w,. The total
coupling A is given by A=4,,+ 4.

Fig. 1 shows the results of our calculations for
Bi,Sr,Ca,Cu,O, for T,=7.5 meV (87 K) and
a=0.05 using the spectrum derived from the neu-
tron scattering data [9]. We find that 4, <0.45 over
the entire range of w,. Therefore, if A, is more than
0.45, a combined phonon-non-phonon mechanism
within Eliashberg theory would be excluded for
Bi,Sr,Ca,Cu,0,. Experimentally [11], 1,,=0.8£0.4
which greatly exceeds this limit. It follows that a
combined mechanism with high-energy bosons can
be excluded as 4, <0.1 for wy> 100 meV. However,
a combined mechanism with low-energy bosons can-
not be excluded due to the large error bars on the
experimental value of A,,.

Fig. 2 shows the gap ratio 24/kgT, and total cou-
pling strength A for w, below 50 meV. At the small-
est values of w,;, 4 increases dramatically with de-
creasing w,. For instance, changing w, from 20 to
10 meV increases A from 6.5 to 21.5 and 24/kgT,
increases from about 7 to 8.8. Therefore, a combined
mechanism with extremely strong coupling to a low-
energy boson is consistent with the data for
Bi,Sr,Ca,Cu,0..

In their fit of a®F(w) to the photoemission data,
Mueller et al. found a strong peak in a?F(w) at 10
meV and a total coupling strength of A~ 9 and a gap
ratio 24/kgT.~5. We find that the predicted A is
much greater than values observed in the conven-

The parameters of the two electron—phonon interaction spectra used in the calculations are shown. The spectra are obtained by summing
Lorentzians of amplitude 4; and half-width I'; centered at w,. In the calculation of the isotope effect, all of these peaks are assumed to be

related to the movement of oxygen atoms.

Theoretical (ref. [10])

Neutron scattering (ref, [9])

w; (meV) A; I; (meV) w; (meV) A; I; (meV)
57 3.0 2.0 31 4.0 2.0
67 4.0 1.0 43 3.0 2.0
77 2.3 1.0 58 2.0 1.0
72 2.0 2.0
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Fig. 1. Calculated parameters plotted against the characteristic
energy w, of the non-phonon interaction giving measured values
of o and T, appropriate for Bi,Sr,Ca,Cu,0,. (a) Total coupling
A=Apn+Aq (crosses, right-hand scale), and the gap ratio 24/kp T
(squares, left-hand scale). (b) Phonon-mediated coupling 2,
(open triangles) and the fraction of phonon-mediated coupling
Apn/A (filled triangles). Hence A, <0.45 for Bi,Sr,Ca,Cu,O,.
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Fig. 2. Expanded view of fig. la for boson energies between 0 and
50 meV. The symbols used are the same as in fig. la.

tional superconductors and 24/ kT, is large, but the
precise values of A and 24/kgT, disagree with those
of Mueller. The disagreement may arise from dif-
ferences in the phonon-based component of &’ F(w)
or in our use of the isotope effect as a constraint.
In Bi,Sr,Ca,Cu,0,, g 1s between [8] 0.034 and
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0.048. Calculations with a=0.025 rather than 0.05
as used above yield basically the same results, except
that A,,(we) is decreased to about half its previous
value over the entire range of w,,, while the calcu-
lated values of 4., increase by a few percent. Thus,
A only varies by a few percent when «, is varied be-
tween 0.025 and 0.05, and the constraint on A, is
more severe for smaller a.

Since the experimental values of 24/kgT, vary
widely (from 3.310.3 in a reflectivity measurement
[12] to 8 £ 1.4 from photoemission [13]), it is dif-
ficult to use the calculated values of 24/kgT, to con-
strain the range of w... We note that the large gap ra-
tio observed by photoemission is consistent with a
combined phonon-non-phonon mechanism with
10<wy<20 meV.

We note that the results presented in this work and
in ref. [6] are based on the assumptions that
Bi,Sr,Ca,Cu,0, is a three-dimensional homogene-
ous isotropic superconductor with harmonic phon-
ons, that Migdal-Eliashberg theory holds for pairing
due to bosons other than phonons, and that the
ground state of the electrons is a Fermi liquid.

In this calculation, we have found that a combined
phonon—non-phonon mechanism with strong cou-
pling to a low-frequency boson is consistent with the
values of a and 24/ kg T, found in Bi,Sr,Ca,Cu,0.,.
Such a mechanism would also account for the line-
arity of the electrical resistivity at low temperatures
[14].
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